Since the industrial revolution, human activities have dramatically changed the 20 nitrogen (N) cycle in natural systems. Anthropogenic emissions of reactive nitrogen 21 (N r ) can return to the earth's surface through atmospheric N r deposition. Increased N r 22 deposition may improve ecosystem productivity. However, excessive N r deposition 23 can cause a series of negative effects on ecosystem health, biodiversity, soil, and 24 water. Thus, accurate estimations of N r deposition are necessary for evaluating its 25 Network in China (NNDMN) (Tan et al., 2018;Vet et al., 2014). The detailed 106 scientific objectives of the wet N r deposition observation networks vary, but most of 107 the observation networks mainly concentrate on the spatiotemporal variation of wet 108 deposition of ions including N r compounds, the long-term trends of ions in 109 precipitation, and the evaluation of ACTMs. 110 Compared with wet N r deposition monitoring, dry N r deposition monitoring started 111 late, due to the limitation of monitoring technology since it is more difficult to be 112 quantified (affected greatly by surface roughness, air humidity, climate and other 113 environmental factors) (Liu et al., 2017c). Dry N r deposition observation networks 114 include US ammonia monitoring network (AMoN), CAPMoN, EANET and EMEP. 115
An ACTM can simulate N r deposition at regional or global scales through explicitly 138 representing the physical and chemical processes of atmospheric N r components 139 (Zhao et al., 2017; Zhang et al., 2012) . Wet N r deposition flux is parameterized as 140 in-cloud, under-cloud and precipitation scavenging (Amos et al., 2012; Levine and 141 Schwartz, 1982; Liu et al., 2001; Mari et al., 2000) , while dry deposition flux can be 142 obtained as the product of surface N r concentration and V d , which is typically 143 parameterized as a network of resistances (Wesely and Hicks, 1977 The spatial coverage of ground monitoring sites focusing on N r deposition is still not 237 adequate, and the monitoring standards and specifications in different regions of the 238 world are not consistent, presenting a barrier to integrating different regional 239 monitoring data. Large uncertainties exist in N r emission inventory used to drive the 240 ACTMs, and the spatial resolution of the modeled N r deposition by ACTMs is coarse.
241
Using satellite monitoring data to estimate surface N r concentration and deposition is 242 still in its infancy, especially for reduced N r . We give a framework of using satellite observation to estimate surface N r 262 concentration and deposition as shown in Fig. 1 based on recent advances. concentration at any height to total N r columns, and finally multiply the ratio by 282 satellite NO 2 and NH 3 columns. This approach has an advantage compared with the 283 previous one for that NO 2 and NH 3 concentration at all altitude included in ACTM 284 simulations can be estimated.
285
Taking the estimation of surface NO 2 concentration using the latter approach as an 286 example, the methods and steps are introduced in the following.
287
Step 1: Calculate the monthly mean NO 2 concentrations at all layers simulated by an 288 ACTM.
289
Step 2: Construct the vertical profile function of NO 2 . Multiple Gaussian functions are 290 used to fit the vertical distribution of NO 2 based on the monthly NO 2 concentrations at 291 all layers calculated in Step 1, in which the independent variable is the height 292 (altitude), and the dependent variable is NO 2 concentration at a certain height. thickness of NO 2 concentration layer (one standard error of Gaussian function).
299
There are two basic forms of profile shapes of NO 2 : (1) NO 2 concentration reaches the 300 maximum concentration when reaching a certain height (Z o ≠0). As the height 301 increases, the NO 2 concentration begins to decline; (2) NO 2 concentration is basically 302 concentrated on the earth surface (Z o =0). These two cases are the ideal state of the 303 vertical distribution of NO 2 concentration. In reality, single Gaussian fitting may not 304 capture the vertical distribution of NO 2 well. To improve the accuracy of fitting, the 305 sum of multiple Gaussian functions can be used:
(2)
307
Step 3: Calculate the ratio of NO 2 concentration at the height of h G to total columns 308 ( ∫ ρ(Z) h trop 0 dx ), and then multiply the ratio by satellite column (S trop ). The 309 satellite-derived N r concentration at the height of h G can be calculated as:
Step 4: Convert the instantaneous satellite-derived surface NO 2 concentration (S G_NO2 ) 312 to daily average (S G_NO2 * ) using the ratio of average surface NO 2 concentration 313 (G ACTM 1−24 ) to that at satellite overpass time (G ACTM overpass ) by an ACTM:
The method for estimating the surface NH 3 concentration (S G_NH3 * ) is similar to that 316 for estimating the surface NO 2 concentration. 
is the estimated ratio of between NO 2 and NO 3 -, 327 NO 2 and HNO 3 , NH 3 and NH 4 + . The resistance of dry N r deposition mainly comes from three aspects: aerodynamic 330 resistance (R a ), quasi laminar sub-layer resistance (R b ) and canopy resistance (R c ).
331
The V d can be expressed as
333 V g is gravitational settling velocity. For gases, the V g is negligible (V g =0).
334
Dry NO 2 , NO 3 -, HNO 3 , and NH 4 + deposition can be calculated by:
Unlike above species, NH 3 is bi-directional, presenting both upward and downward 337 fluxes. There is a so-called "canopy compensation point" (C o ) controlling dry NH 3 338 deposition. Dry NH 3 deposition can be calculated by:
The calculation of C o is very complex including the leaf stomatal and soil emission The scavenging process of wet N r deposition usually starts from the height of rainfall 362 rather than the top of the troposphere, so it is more reasonable to use NO 2 and NH 3 363 column below the height of rainfall to build the wet N r deposition model. The NO 2 364 and NH 3 column within ABL is used to build the wet deposition model since 365 precipitation height is close to the height of the ABL (generally less than 2-3 km). (Fig. 2) . This may be 405 because the OMI-derived NO 2 column is much lower than that derived by GOME, 406 SCIAMACHY, and GOME-2, especially over polluted regions. For example, in China, 407 the OMI NO 2 column is about 30% lower than that of SCIAMACHY and GOME-2 408 consistently ( Fig. 3) . In this study, we used the framework in Sect. 3 to estimate the OMI-derived surface 437 NO 2 concentration globally. To validate the OMI-derived surface NO 2 concentrations, 438 ground-measured surface NO 2 concentration in China, the US and Europe in 2014 439 was collected (Fig. 4) . The total number of NO 2 observations in China, the US and 440 https://doi.org/10.5194/acp-2020-91 Preprint. Discussion started: 24 February 2020 c Author(s) 2020. CC BY 4.0 License.
Europe are 43, 373 and 88 respectively. The OMI-derived annual average for all sites 441 was 3.74 µg N m -3 , which was close to the measured average (3.06 µg N m -3 ). The R 2 442 between OMI-derived surface NO 2 concentrations and ground-based NO 2 443 measurements was 0.75 and the RMSE was 1.23 µg N m -3 (Fig. 5) , which is better high correlation was found between surface NO 2 and NO 3 concentration at monthly 466 or annual timescales ( Fig. 6) (R=0.57, Fig. 8 ). ACTM) (Fig. 9) , and found a good agreement with ground-based surface NH 3 525 concentration. The correlation between the measured and satellite-derived annual 526 mean surface NH 3 concentrations over all sites was 0.87 as shown in Fig. 10 and comparison between yearly modeling (by an ACTM as GEOS-Chem) and measured surface 539 NH 3 concentrations (b) (Liu et al., 2019) . The ground-based monitoring sites are shown in Fig. 4 . 540 541
The proposed methods (Liu et al., 2019) can also estimate NH 3 concentration at any 542 https://doi.org/10.5194/acp-2020-91 Preprint. Discussion started: 24 February 2020 c Author(s) 2020. CC BY 4.0 License.
height using the constructed vertical profile function of NH 3 . The Gaussian function 543 can well emulate the vertical distribution of NH 3 from an ACTM outputs with 99% of 544 the grids having R 2 values higher than 0.90 (Fig. 11) . This means, for regional and 545 global estimation, the vertical distribution of NH 3 concentration has a general pattern, 546 which can be mostly emulated by the Gaussian function. Once a global NH 3 vertical 547 profile was simulated, it can be easily used to estimate satellite-derived NH 3 548 concentration at any height. We can also estimate dry NH 3 deposition using the 549 IASI-derived surface NH 3 concentration combining the modeled V d . To date, there are 550 still no studies developing satellite-based methods to estimate the wet reduced N r 551 deposition on a regional scale. profiles. This is an example of Gaussian fitting using 47 layers' NH 3 and NO 2 concentration from 555
an ACTM (GEOS-Chem). 556 557 used NO 2 column from the GOME, SCIAMACHY, and GOME-2 to estimate 573 satellite-derived NO x emissions, and then used the calibrated NO x emission inventory 574 to drive an ACTM to simulate the long-term oxidized N r deposition globally. They 575 found oxidized N r deposition from 1996 to 2014 decreased by 60% in Eastern US, 576 doubled in East China, and declined by 20% in Western Europe (Fig. 12) . We use the 577 datasets by Geddes et al. (Geddes and Martin, 2017) to calculate the trends of total 578 oxidized N r deposition during 1996-2014. It is obvious that two completely opposite constrained with GOME, SCIAMACHY, and GOME-2 NO 2 retrievals during 1996 -2014 (Geddes 588 and Martin, 2017 . We gained the generated datasets 589 https://doi.org/10.5194/acp-2020-91 Preprint. Discussion started: 24 February 2020 c Author(s) 2020. CC BY 4.0 License. 
Trends of Surface N r Concentration and Deposition by Satellite-based

605
We split the time span of 2005-2016 into two periods: 2005-2011 and 2011-2016, as 606 surface NO 2 concentration shows opposite trend in China in these two periods. The 607 magnitudes of both growth and decline in surface NO 2 concentration in China are 608 most pronounced worldwide in the two periods ( Fig. 13) in China during 2008-2016 ( Fig. 14) . Satellite-based methods have been proven as an 629 effective and unique way to monitoring the trends of global N r concentration and 630 deposition. To date, there are still few studies reporting the satellite-derived trends of 631 reduced N r deposition on a global scale. First, the reduced N r deposition plays an important contribution to total N r deposition.
640
NH 3 exhibits bi-directional air-surface exchanges. The NH 3 compensation point 641 (Farquhar et al., 1980) is also an important and highly variable factor controlling dry 642 NH 3 deposition (Schrader et al., 2016; Zhang et al., 2010) . However, the current 643 existing satellite-based methods did not consider this bi-directional air-surface 644 exchange. It is important to better parameterize the NH 3 compensation point, and 645 assess the effects of bi-directional air-surface exchanges on estimating the dry NH 3 646 deposition.
647
Second, the existing satellite-based methods to estimate N r deposition used the ratio 648 of the surface N r concentration to the N r column by an ACTM to convert satellite N r 649 column to surface N r concentration. However, the calculated ratio (by an ACTM) and 650 the satellite N r column have different spatial resolutions, and previous studies usually 651 applied the modeled ratio directly or interpolate the ratio into the resolution of 652 satellite N r column. This method assumes the relationship at coarse resolution by an 653 ACTM can also be effective in fine resolution as satellite indicated. When regional 654 studies are conducted, regional ACTMs coupled with another meteorological model Direct, high-resolution and reliable satellite monitoring of more N r species is critical 671 to further developing the use of using atmospheric remote sensing to estimate N r 672 deposition at global and regional scales. to estimate wet N r deposition is a statistical way, and further studies should be done 696 from a mechanism perspective. Finally, we summarized current challenges of using 697 satellite NO 2 and NH 3 column to estimate surface N r concentration and deposition 698 including a lack of considering NH 3 bidirectional air-surface exchanges and the 699 problem of different spatial scales between an ACTM and satellite observation. 
